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Edited by Dr. Ulf-Ingo FluggeAbstract This study analyses the activity of an Arabidopsis
thaliana UDP-glycosyltransferase, UGT71B6 (71B6), towards
abscisic acid (ABA) and its structural analogues. The enzyme
preferentially glucosylated ABA and not its catabolites. The
requirement for a speciﬁc chiral conﬁguration of (+)-ABA was
demonstrated through the use of analogues with the chiral centre
changed or removed. The enzyme was able to accommodate
extra bulk around the double bond of the ABA ring but not alter-
ations to the 8 0- and 9 0- methyl groups. Interestingly, the ketone
of ABA was not required for glucosylation. Bioactive analogues,
resistant to 8 0-hydroxylation, were also poor substrates for con-
jugation by UGT71B6. This suggests the compounds may be
resistant to both pathways of ABA inactivation and may, there-
fore, prove to be useful agrochemicals for ﬁeld applications.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Abscisic acid (ABA) is a phytohormone [1] with many func-
tions in plants, including roles in seed development, dormancy
and germination, root and shoot growth, maintenance of water
relations and stress tolerance [2]. The level of ABA in plant cells
is controlled through a homeostatic mechanism involving bio-
synthesis, catabolism and redistribution [1]. These processes
combine to result in elevated levels of ABA in key cells and tis-
sues at speciﬁc developmental time-points and in response to
stress [1–3]. Biosynthesis of ABA, a monocyclic sesquiterpene,
has been studied in detail and occurs through the modiﬁcation
and cleavage of carotenoids [4]. The immediate carotenoid pre-
cursors are chiral and in consequence, natural ABA is produced
in the chiral cis-S-(+)-ABA form (Fig. 1A) [4].
Catabolism of ABA can occur through either oxidation and
reduction, or through conjugation to glucose (Fig. 1B) and the
relative importance of the diﬀerent pathways is known to varyAbbreviations: UGT, UDP-glycosyltransferase; ABA, abscisic acid;
ABA-GE, abscisic acid glucose ester; PA, phaseic acid; DPA, dihy-
drophaseic acid; CID, collision-induced dissociation; 71B6, UGT71B6
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oxidation pathway occurs through hydroxylation of the 8 0-
methyl to give 8 0-hydroxy ABA, which rearranges to form
phaseic acid (PA), that is then further reduced to dihydropha-
seic acid (DPA) [4,6]. Other oxidation products of ABA have
also been reported, including 7 0-hydroxy ABA [7], 9 0-hydroxy
ABA, and neo-phaseic acid (neo-PA) [8]. The main conjugation
pathway occurs through glucosylation of the carboxylic group
to form ABA-glucose ester (ABA-GE, Fig. 1) [9]. Other conju-
gates have been described including an ABA 1 0-glucoside and
glucose conjugates of the acidic metabolites, PA and DPA [2].
Recently, we have screened a multigene family of UDP-glyco-
syltransferases (UGTs) of Arabidopsis thaliana for activity to-
wards ABA in vitro. Whilst eight enzymes were able to
glucosylate the hormone, only one, UGT71B6 (hereafter 71B6),
displayed preferential activity towards the naturally occurring
(+)-ABA enantiomer [10]. This study uses structural analogues
of ABA to explore features of the phytohormone that inﬂuence
glucosylation by 71B6 and to establish a foundation from which
to analyse the role of the enzyme in ABA homeostasis in planta.2. Materials and methods
2.1. Materials
Chemicals were purchased from Sigma–Aldrich, except ABA-GE
(OlCHemIm Ltd., Czech Republic). ABA metabolites and analogues
were synthesised as described (PA and DPA [11], PBI-49, according
to Mayer et al. [12], using 2-trans-3-methylpenten-4-yn-1-ol, PBI-82,
PBI-89 [13], PBI-253 [14], PBI-271, PBI-293 [15,16], PBI-372, PBI-
493, PBI-524 [17], PBI-401, PBI-514 [18], PBI-233, PBI-287, PBI-410,
PBI-413, PBI-703, PBI-705 (Abrams unpublished)). The expression
plasmid construction has been described previously [19].2.2. Puriﬁcation and assay of recombinant 71B6 protein
Recombinant 71B6 (At3g21780) was expressed as a GST-fusion
protein in Escherichia coli (XL1Blue) carrying the pGEX-2T expres-
sion plasmid. Cells were disrupted through a French Press and pro-
tein was puriﬁed using GST-Sepharose as described [20,21]. A
typical UGT assay involved 1 lg recombinant protein, 1 mM ABA
or analogue, metal ions at 5 mM and reducing agents at 10 mM, in
a ﬁnal volume of 100 ll. Following 1 h at 30 C, reactions were
stopped with 10 ll of 240 mg ml1 trichloroacetic acid. Where rele-
vant, alkaline hydrolysis was carried out in 1 M NaOH for an addi-
tional hour at 30 C. The reaction mix was analysed using reverse
phase HPLC. All assays were carried out on at least three indepen-
dent protein extractions. For the kinetic analysis, initial rates of
reaction at ﬁve concentrations of (+)-ABA were calculated from four
time points and used to determine the kinetic parameters by Hyper-
bolic Regression Analysis.ation of European Biochemical Societies.
Fig. 1. Molecular structure of ABA and its catabolites. (A) (+)-ABA and ()-ABA; (B) the deactivation of (+)-ABA to phaseic acid (PA),
dihydrophaseic acid (DPA) and the ABA-glucose ester (ABA-GE).
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Reverse phase HPLC (Waters Alliance 2690 and Waters Tuneable
Absorbance Detector 486, Waters Ltd, Herts., UK) analysis involved
a 5 lm C18 column (250 mm · 4.60 mm; Phenomenex). A linear gradi-
ent with increasing methanol against 0.1 M acetic acid (pH 3.5 trieth-
ylamine) from 10% to 80% over 30 min was used and the eluate was
monitored at 270 nm. To compare the activity of 71B6 towards
ABA and its structural analogues, calibration curves of standard
amounts of each analogue were generated. Following the in vitro reac-
tions, any glucose ester formed was puriﬁed by HPLC and divided into
two samples. One sample was cleaved by alkaline hydrolysis and the
area of aglycone produced compared to the area of glucose ester in
the second sample. This enabled the amount of glucose ester to be re-
lated to the amount of aglycone from the calibration curve.
2.4. Identiﬁcation of ABA-GE using HPLC–mass spectrometry
HPLC–mass spectrometry was carried out using an Agilent HPLC
attached directly to an Applied Biosystems Qstar Pulsar I mass spec-
trometer with a turbo ion spray source. The HPLC linear gradient used
methanol (1% acetic acid) against water (1% acetic acid) solvents as
above. The mass spectrometer was operated in negative ion mode with
an ion spray voltage of 2500 V and the nebulisor and turbo gases set
at 70 units. Parent ions of 425 m/z ratio were fragmented by collision-
induced dissociation (CID) and product ions analysed from 50 to
660 amu. The low and high energy fragmentation experiments used
collision energy settings of 10 and 30 U, respectively.3. Results
3.1. Characteristics of the activity of 71B6 towards ABA
The Arabidopsis 71B6 enzyme, expressed as a recombinant
GST-fusion protein in E. coli and puriﬁed by aﬃnity chroma-
tography, was incubated with the naturally occurring enantio-
mer of ABA ((+)-ABA). The reaction mix contained a more
hydrophilic compound, eluting earlier than ABA on HPLC,
characteristic of a glucose conjugate (peak A, Fig. 2A), not
observed in the control without enzyme. The data shown are
for the intact fusion protein; the activity was not substantially
altered following cleavage of the GST protein (data not
shown). No activity was detected towards the ABA catabo-lites, PA and DPA, nor other phytohormones including auxin,
cytokinins, gibberellins and salicylic acid (data not shown).
Peak A disappeared on incubation of the reaction mix with
1 M NaOH (Fig. 2B), consistent with the cleavage of an ester-
linked product by alkaline hydrolysis. To conﬁrm the identity
of the compound, negative electrospray liquid chromatogra-
phy–mass spectrometry–mass spectrometry (LC–MS–MS)
was used to compare an authentic ABA-GE standard
(Fig. 2C) with peak A (Fig. 2D). An ion of mass to charge
ratio (m/z) 425 was the major component both of peak A
and ABA-GE. The value of 425 corresponds to the mass of
an intact ABA-GE ion that has undergone negative electro-
spray ionisation [M  H]. Low energy CID product ion spec-
tra of the 425 ion in both peak A and the ABA-GE standard
show 3 peaks at 425, 305, and 263. The 263 ion corresponds
to loss of the intact glucose moiety (C6O5H10).
Further, the relative intensities of the product ion peaks in
both traces are comparable, which implies that the glucose is
attached at the same position.
The assay conditions of 71B6 towards ABA were optimised
as described in Supplementary Figure 1. The enzyme had a pH
optimum between 6.5 and 7.0 with activity substantially in-
creased in the presence of DTT and Mg2+ (400%). The rate
of production of ABA-GE was linear from 0 to 20 min for
(+)-ABA from 0.05–2.50 mM (Supplementary Figure 2). In
the optimum conditions, the Vmax was 1.80 nkatals mg
1
(±0.11) with Km of 0.28 mM (±0.04) and the kcat/Km of
0.5 mM1 s1 (±0.01) (n = 3, ±S.D.).
3.2. Activity of 71B6 towards structural analogues of ABA
Table 1 illustrates the relative activity of recombinant
71B6 towards a range of ABA-related structures. The en-
zyme was found to be highly selective towards the natural
(+) enantiomer of ABA and was able to glucosylate many
diﬀerent structural analogues of ABA to varying degrees.
All products of these reactions were degraded by alkaline
hydrolysis implying formation of the respective glucose es-
Fig. 2. Analysis of the reaction mix of 71B6 with ABA and UDP-
glucose. The reaction mixes were analysed by reverse phase HPLC: with
and without recombinant protein (A); following further incubationwith
and without 1 MNaOH for an additional hour (B). The traces are oﬀset
by 0.2 mAU. Negative electrospray LC–MS–MS CID spectra of an
authentic ABA-GE standard (C) and the major product of recombinant
71B6 protein after incubation with (+)-ABA and UDP-glucose (D).
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wards PBI-413, PBI-410 and PBI-82, compared to (+)-
ABA. The activity of the enzyme towards the analoguePBI-287 was near-identical to (+)-ABA and much lower to-
wards the remaining analogues.4. Discussion
The homeostaticmechanisms controllingABA levels in plants
have attracted considerable interest over many years. A number
of genes that function in the biosynthesis of ABA have been
identiﬁed and their enzymes well-characterised [2]. In contrast
until recently, no genes involved in catabolism had been identi-
ﬁed and therefore there was no opportunity for detailed study of
their recombinant enzymes. In 2002, Xu et al. [22] cloned a gene
from Adzuki bean encoding an enzyme that glucosylated ABA
in vitro. This was followed in 2004 by two reports of genes
encoding cytochrome P450 hydroxylases that recognised ABA
in vitro at the 8 0-methyl group [23,24]. Earlier this year, eight
recombinantUGTs fromArabidopsiswere shown to glucosylate
ABA in vitro, and only one of the eight, 71B6, displayed prefer-
ence for the naturally occurring (+)-ABA [10].
The availability of recombinant 71B6 has enabled us to
study its activity and speciﬁcity towards a range of ABA ana-
logues. This is important for two reasons. First, the availability
of such a diverse range of structures allows a detailed investi-
gation of the features of the ABA molecule required for catal-
ysis by the UGT. This also provides a basis for going on to
compare the speciﬁcity of this enzyme with others that recog-
nise and/or bind to ABA. Second, the analogues can provide a
useful foundation to analyse the activity of 71B6 in planta, in a
similar manner to that shown for conjugation of auxin by an-
other UGT of A. thaliana, UGT84B1 [25].
The data indicate that 71B6 is speciﬁc for ABA rather than
its acidic metabolites. We have not detected any activity to-
wards either PA or DPA. In addition, PBI-703 and PBI-705,
which are deuterated versions of the catabolites 7 0-OH ABA
and 9 0-OH ABA were poor substrates for 71B6.
The requirement of 71B6 for the speciﬁc chiral conﬁguration
of (+)-ABA is striking and demonstrates that structural changes
can have a profound eﬀect on activity [26]. Superimposing the
unnatural form of ()-ABA onto (+)-ABA with the hydroxyl
groups overlapping reveals that the only change is in the relative
position of the methyl groups on the ring. The relative orienta-
tions of these methyl groups are also changed in the poor sub-
strates, PBI-233 and PBI-253, which have symmetry around
the ring structure and also no chiral centre at the C1 0-carbon.
Similarly, the glycosyltransferase also has reduced activity
to those analogues with direct modiﬁcations to the 8 0- and
9 0-methyl groups (PBI-372, PBI-401, PBI-514, PBI-524,
PBI-493, PBI-705, PBI-271 and PBI-293). This can be con-
trasted with the analogue PBI-413, which has an aromatic
ring fused to the ABA ring, and is a signiﬁcantly better sub-
strate than ABA. It appears that whilst the enzyme can read-
ily accommodate extra bulk around the double bond of the
ABA ring and maintain activity, even slight alterations to
the position or size of the 8 0 and 9 0-methyl groups result in
substantial reductions in activity. Interestingly, a recent study
showed that 5 0a, 8 0-cycloabscisic acid, when applied to radish
seedlings, was glucosylated, despite modiﬁcation of the 8 0-
methyl group [27]. Other UGTs may exist in radish with dif-
ferent activities from that of Arabidopsis 71B6, but it will be
interesting to determine whether 71B6 can glucosylate the
analogue in vitro.
Table 1
Activity of 71B6 towards enantiomers and structural analogues of ABA
The results represent means ± S.D. of at least three independent protein preparations.
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whereas PBI-89 is not glucosylated by the enzyme. Both
PBI-82 and PBI-89 have the ring double bond reduced, how-
ever, PBI-82 also has a triple bond in the side chain. As this
triple bond changes the disposition of the carboxyl group rel-ative to the ring we may speculate that it improves the position
for binding in the active site. Also of interest, PBI-287, that has
no oxygen at C-4 0 is as good a substrate for the enzyme as
ABA, indicating that the ketone of ABA is not required for
glucosylation by 71B6.
4458 D.M. Priest et al. / FEBS Letters 579 (2005) 4454–4458This study has enabled a clear distinction to be made between
the activity of 71B6 and that previously described for the UGT
from Adzuki bean, which had greater activity towards 2-trans-
(+)-ABA than towards (+)-ABA or ()-ABA [22]. In contrast,
the Arabidopsis 71B6 displayed negligible activity towards
2-trans-ABA, (PBI-49, racemic mixture).
Analogues PBI-514, PBI-524 and PBI-401 are bioactive
when applied to plants and were speciﬁcally designed as
potential mechanism-based inhibitors of the 8 0-hydroxylase
of ABA and, therefore, inhibitors of the catabolic pathway
of the hormone involving this enzyme [18]. Importantly, this
study now reveals that 71B6 similarly does not recognise these
analogues. It is therefore possible the analogues may represent
a source of long-lasting ABA agrochemicals for ﬁeld applica-
tions, but ﬁrst it will be necessary to conﬁrm that other UGTs
do not glucosylate them, whether in the model plant, Arabid-
opsis, or in target crop species. If indeed the compounds prove
not to be susceptible to the major pathways of either catabo-
lism or conjugation, they could be useful in revealing any min-
or pathways of controlling ABA homeostasis.
In the future, it will be interesting to determine the pheno-
typic consequences of changing the level of expression of
71B6 in the plant. These analogues will be helpful to demon-
strate a link between phenotype and glucosylation of ABA in
these plants in a similar manner to the use of IAA and its ana-
logues in the study of UGT84B1 [25].
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